Abstract-This paper gives an overview of results of the Human++ research program [1]. This research aims to achieve highly miniaturized and autonomous transducer systems that assist our health and comfort. It combines expertise in wireless ultra-low power communications, 3D integration technologies, MEMS energy scavenging techniques and low-power design techniques.
I. INTRODUCTION
It is anticipated that microsystem technology will increase the functionality of therapeutic and diagnostic devices to gradually match the needs of a society, which is ageing and spending more money on healthcare. By the year 2010, technology will enable people to carry their personal body area network (BAN) [2] that provides medical, sports or entertainment functions for the user (Fig.1) . This network comprises a series of miniature sensor/actuator nodes each of which has its own energy supply for autonomous operation. The nodes will have enough intelligence to carry out their task and will be able to communicate with other sensor nodes or with a central node worn on the body. The central node communicates with the outside world using a standard telecommunication infrastructure such as a wireless local area or cellular phone network. The network can deliver services to the person using the BAN. These services can include the management of chronic disease, medical diagnostic, home monitoring, biometrics, and sports and fitness tracking.
The successful realization of this vision requires innovative solutions to remove the critical technological obstacles. First, the overall size should be compatible with the required form factor. This requires new integration and packaging technologies. Second, the energy autonomy of current battery-powered devices is limited and must be extended. Further, interaction between sensors and actuators should be enlarged to enable new applications such as multiparameter biometrics or closed loop disease management systems. Intelligence should be added to the device so that it can store, process and transfer data. The energy consumption of all building blocks needs to be drastically reduced to allow energy autonomy.
II. AMBULATORY MULTI-PARAMETER MONITORING AS TESTCASE
We selected ambulatory multi-parameter monitoring as a driving application for Human++. The target of such a monitoring system is to acquire process, store, and visualize a number of physiological parameters in an unobtrusive way. In one case, we focused on the simultaneous acquisition of EEG / ECG / EMG biopotential signals. Traditionally, such signals are either captured in a clinical setting for immediate interpretation or they are recorded in an ambulant setting for post factum analysis via a Holter monitor. With a wireless ambulatory monitoring system we want to combine the real time features of the clinical system with the benefits of ambulatory monitoring from a Holter monitor. • 1 EEG sensor node that can acquire, process and transmit 1 to 24 EEG signals;
• 1 ECG sensor node that can acquire, process and transmit 1 ECG signal; Figure 1 Body Area Network providing sports or entertainment functions to the user.
• 1 EMG sensor node that can acquire, process and transmit 1 EMG signal;
• 1 basestation that collects the information from the 3 sensors.
All the sensors have very similar functionality. First, the incoming signals are amplified and filtered. The resulting signals are sampled at 1024Hz with a 12-bit resolution. Finally, the digital signals are transmitted over a wireless link operating in the 2.4GHz ISM band. Because the sensors are so similar, they can be realized with the same programmable hardware (Fig.3) .
A key design criterion for such system is the power of the sensor nodes because this will directly determine the size and the operational lifetime of the system. Analysis of the operation of the sensors shows that they are alternating between four different modes of operation.
• Listen: during this mode the sensors receive their parameters from the basestation;
• Processing: during this mode the biopotential signals a monitored and preprocessed;
• Transmit: during this mode the sensors send their data to the basestation;
• Sleep: power save mode in which most of the electronics are switched off to save power.
The time spent in each of these modes is very much application dependent. Each of these modes have their own power consumption. Fig.4 shows that the current consumption in listen and transmit mode is much higher than in processing or sleep mode. This is a direct consequence of the radio which is switched on in these modes and which consumes about 90% of the power when it is active. It becomes clear that with the current system consisting mainly of off the shelf compontents a prototype can be designed that consumes less than 1mW of power if the duty cycle is in the order of a few percent. If we assume that we use two AA batteries in series with a capacity of 2500mAh, the battery lifetime for this system becomes approximately 3 months.
This clearly shows that with today's technology, first realistic demonstrators with a reasonable lifetime can be manufactured. However a couple of major challenges still have to be solved in order to come to a widespread deployment of BANs. In the remainder of this paper we will show how advances in wireless communication, energy scavenging, sensors & actuators and system integration can enable such systems in the near future.
III. WIRELESS COMMUNICATION
Today's low power radios such as Bluetooth [3], Zigbee [4] or proprietary radios such as Nordic [18] cannot meet the stringent Wireless BAN power requirements. Typical chipsets for these radios consume in the order of 10 to 100mW for data rates of 100 to 1000kbps. This leads to a power efficiency of roughly 100 to 1000mW/Mbps or nJ/bit. We need a radio which is 1 to 2 orders more power efficient.
None of the traditional radio approaches have proven the ability to reduce the power consumption by the required orders of magnitude while offering the necessary communication performances. Recently, a novel air interface based on communication using wideband signals has attracted a large attention from the wireless community, the so-called Ultra-Wide Band (UWB) communication. The Federal Communications Commission (FCC) has authorized UWB communications between 3.1GHz and 10.6GHz. Although, the regulations on UWB radiation define a power spectral density (PSD) limit of -41dBm/MHz, there are very few regulations on the definition of the time-domain waveform. The latter can then be tailored for low hardware complexity as well as low system power consumption. In pulse-based UWB, the transmitter only needs to operate during the pulse transmission, producing a strong duty cycle on the radio. As a consequence the baseline power consumption is minimized. Moreover, since most of the complexity of UWB communication is in the receiver, it allows the realization of an ultra-low power, very simple transmitter and shift the complexity as much as possible to the receiver in the master node which has a slightly more relaxed energy budget.
A possible way to realize short high frequency UWB signals is by gating an oscillator as was proposed in [10] . The oscillator center frequency is then defined independently from the bandwidth by the gate duration. This class of UWB systems are defined here as "carrier-based UWB" impulse radio due to the presence of a "weak" carrier inside the pulse. However, since a direct gating of the center frequency features a rectangular shape, the high sidelobe power must be filtered. Since a variable RF channel select filter is not an option, the shape must be filtered before being translated to an RF signal. In low-cost and low power applications, this filtering operation should require circuitry with minimal complexity and preferably compatible with full-CMOS integration. Therefore, the triangular signal pulse appears to be a perfect compromise. The smooth shape of the triangular waveform provides a sidelobe rejection of more than 20dB with most of the power confined in the useful bandwidth. The triangular signal is relatively easy to generate in standard CMOS circuits by for instance charging and discharging a linear capacitor.
Our pulse generator architecture is presented in Fig.5 . A triangular pulse generator and a ring oscillator are activated simultaneously. The triangular signal is multiplied with the carrier created by the oscillator, resulting in an up-converted triangular pulse at the output. The triangular waveform has a duration that can be adapted in accordance with the desired bandwidth. A gating circuit activates the ring oscillator when a pulse must be transmitted, avoiding useless power consumption between the pulses. This motivates the choice of a ring type of oscillator since its startup time is very low while the high phase noise problem is obviously not an important issue in the generation of wideband signals.
The pulser circuit has been implemented in a logic 0.18µm CMOS technology [11] . The system can deliver a pulse rate up to 40MHz. The pulses are modulated in position and the position modulation can be tuned from 4ns to 15ns.
The measured energy consumption is 50pJ per pulse at a 40MHz pulse repetition rate for a pulse bandwidth of 1GHz. In other words, if ten pulses are used to code one bit, our pulser provides an average data rate of 10kbps with 5µW average power consumption.
IV. MICROPOWER GENERATION AND STORAGE
Today, the batteries that are needed to power wireless autonomous transducer systems seriously limit the possibilities of this emerging technology. Modern electronic components become smaller and smaller, while the scaling of electrochemical batteries faces technological restrictions. As a consequence, either large batteries are used that give a longer autonomy but make the system bigger, or small batteries are used that make the system less autonomous. For this reason, a worldwide effort is ongoing to replace batteries with more efficient, miniaturized power sources. We aim at generating and storing power at the micro scale to improve the autonomy or reduce the size of wireless autonomous transducer systems. The envisaged solution takes its energy -thermal or mechanical -from the human body and converts it into electrical energy, stored in a micro-battery or (super)capacitor.
The choice of scavenging principle depends on the application and the environment in which it is used. In this section, we will present thermal scavengers because they are well suited to convert the thermal body heat into electricity.
Thermal energy scavengers are thermoelectric generators which exploit the Seebeck effect to transform the temperature difference between the environment and the human body into electrical energy. A thermoelectric generator is made of thermopiles sandwiched between a hot and a cold plate. Thermopiles are in turn made of a large number of thermocouples connected thermally in parallel and electrically in series, as shown schematically in Fig.6 . The red and blue pillars represent the two types of thermoelectric materials, and the metal interconnects are drawn in gold. The pink and blue plates are respectively the cold and hot sides of the device.
In commercially available thermopiles, typically based on Bi 2 Te 3 , the pillars have a lateral size of 0.3 -1 µm and a height of 1 -3 µm. A TEG optimized to obtain the maximum power will have a thermal resistance of about 200 cm 2 K/W per cm 2 of surface. In operating conditions, the generator is inserted in a thermal circuit which includes the thermal resistance of the body and the equivalent thermal resistance of the air (Fig.6) . In order to have a sizeable Figure 5 Architecture and micrograph of the UWB pulse generator temperature drop over the device, these series resistances must not be too large with respect to the one of the generator.
A prototype system has been fabricated and it is shown in Figure 7 . The power conditioning electronics, together with a low power radio transmitter, is mounted on a flexible substrate and glued to the wrist strap. The power generated by the device is in excess of 0.1mW, the output voltage is above 1 V. This power is enough to charge a small battery and to transmit, e.g., the temperature of the body each 1 -2 s to a nearby receiving station.
V. SENSORS AND ACTUATORS
Our multi-parameter monitoring system needs to acquire biopotential signals in a very power efficient way. The different biopotentials have different amplitude and frequency characteristics (Fig.8) .
For this purpose, we developed a low-power 25 channel biopotential ASIC [20] . The ASIC allows to preprocess typical biopotentials such as ECG and EEG signals. It can be configured in different operational modes thanks to its variable bandwidth and gain settings.
The mixed-signal ASIC consists of 25 channels (Fig.9) . In a typical configuration, 24 channels are configured for EEG measurements and 1 channel is configured as ECG channel. Each channel of the ASIC consists of a high CMRR instrumentation amplifier, followed by a variable gain amplifier. There are 8 different gain modes ranging from 200 to 10000 for the EEG channels and from 20 to 1000 for the ECG channel.
The front end instrumentation amplifier has bandpass filter characteristics, where in-band gain and the cut-off frequencies are settable with external components. With an external capacitor of 1 µF, a bandwidth of 0.5 -80Hz is selected. The CMRR is larger than 90dB at 50mV electrode offset. The total input referred voltage noise of each channel is less than 1 µVrms in the 0.5 Hz -80 Hz bandwidth. These features allow suppressing the input common mode voltages coupled to the human body, while amplifying the microvolt level biopotential signals. The mixed signal ASIC is designed and fabricated in 0.5µm CMOS process. The ASIC can operate from a voltage supply ranging from 2.7 V -3.3 V while dissipating less than 10.5 mW. All the channels of the ASIC are multiplexed with a frequency of 1 kHz per channel and buffered at the output. Therefore, a single ADC with a maximum input capacitance of 50 pF can sample all the channels of the ASIC.
In a test setup, two channels of the ASIC are connected to Ag/AgCl electrodes for reading the brain activity at the occipital cortex (backside of the head). A microcontroller with integrated ADC, is directly connected to the ASIC. Operation and gain settings of the ASIC are controlled from the microcontroller. When the patient closes his eyes, the typical alpha rhythm becomes clearly visible at the output (Fig.10) .
VI. INTEGRATION TECHNOLOGY
One form factor suitable for many sensor applications is a small cubic sensor node. To this end, a prototype wireless sensor node has been integrated in a cubic centimeter (Fig.11) . In this so-called three-dimensional system-in-apackage approach (3D SIP) [16] , the different functional components are designed on separate boards and afterwards stacked on top of each other through a dual row of fine pitch solder balls. This system has the following advantages: (i) modules can be tested separately, (ii) functional layers can be added or exchanged depending on the application, (iii) each layer can be developed in the most appropriate technology. The first generation 3D stack offers a complete System-in-aPackage (SiP) solution for low power intelligent wireless communication. The integrated stack includes a commercial low power 8 MIPS microcontroller [17] and 2.4GHz transceiver [18] , crystals and all necessary passives, as well as a matched dipole antenna custom-designed on the top layer laminate substrate. The bottom layer has a BGA footprint, allowing standard techniques for module mounting. This sensor module has been integrated with the thermal scavenger presented above and this is the basis for sensor networks [19] , [20] , [21] which, unlike most of their predecessors, are fully energy autonomous.
Recently, parallel research was started to implement the same technology on a 2D carrier. The ultimate target is to create a small and smart band-aid containing all the necessary technology for sensing and communication with a base station. It will provide a generic platform for various types of applications (wound healing, UV-radiation, EEG, ECG, EMG…). The first prototype (Fig.12) is10 times smaller than a credit card (12 x 35 mm) and about as thin as a compact disc (1-2 mm). The flexible 25 µm polyimide carrier contains a microprocessor and a wireless communication module (2.4 GHz radio). The antenna is optimized for radiating with high efficiency near the human body. Current focus lies on adding the necessary sensors and energy system (rechargeable battery, energy scavenger and advanced electronics to keep energy consumption as low as possible). We target an ultimate device thickness of approximately 100 µm.
The biggest challenges in developing this kind of modules are the extreme miniaturization and its effects on the functionality of the used components. Some of the many problems to tackle are the use of naked chips, chip scaling, assembly processes like wire bonding and flip-chip on a flexible substrate, application of thin-film batteries and solar cells and integration of the entire technology in a biocompatible package.
VII. CONCLUSIONS
This paper gave an overview of the Human++ research program at IMEC and IMEC Nl / Holst centre, which is targeted at developing key technologies and components for future wireless body area networks for health monitoring applications. Several working prototypes have been discussed, such as micropower generation devices and a 1cm 3 low-power wireless sensor node. This modular wireless 3D stack is now used as a platform for the integration of future developments (sensors and actuators, energy scavenging devices, ultra-low-power local computing and transceiver) in order to realize fully integrated, autonomous ultra-low-power sensors nodes for body area networks.
